Simulations of climate, including atmospheric chemistry and carbon cycle, are conducted for the period from 1850 through 2100 with a new earth system model (ESM) of the Meteorological Research Institute (MRI), MRI-ESM1. This model has been developed as an extension of the atmosphere-ocean coupled general circulation model, MRI-CGCM3, by adding chemical and biogeochemical processes. The dynamic and thermodynamic processes are entirely the same in both models. The horizontal resolution of MRI-ESM1 is higher than that of the ozone model that handles chemical processes which require high computational cost. In the control experiment, it is confirmed that the climatic drift of the model is insignificant with regard to surface air temperature (SAT), the radiation budget, and trace gas (carbon dioxide (CO 2 ) and ozone) concentrations. Compared with a control experiment by MRI-CGCM3, SAT is slightly higher because of a higher tropospheric ozone concentration. The performance of MRI-ESM1 is validated by conducting a historical experiment. Overall, MRI-ESM1 simulates well observed historical changes in SAT and trace gas concentrations. However, increases in the SAT and atmospheric CO 2 concentration are underestimated, associated with a positive feedback process through soil respiration. Namely the underestimation of atmospheric CO 2 increase causes weak SAT rise which makes soil respiration inactive, and then the excess of net land surface CO 2 uptake suppresses increase of the atmospheric CO 2 concentration. The simulated present-day climate states of SAT, radiation fluxes, precipitation, and trace gas concentrations are also in good agreement with observations although there are errors of radiations, precipitation, and ozone concentration especially over the southern tropical Pacific in the simulation. These errors appear to be originated from the excess of convective activity: so-called double ITCZ (intertropical convergence zone). Both MRI-ESM1 and MRI-CGCM3 are similarly able to reproduce the present-day climatology. In future projections, the global mean SAT rise at the end of the 21st century relative to the pre-industrial era is 3.4°C in the experiment using the Representative Concentration Pathways 8.5 (RCP8.5) by MRI-ESM1, whereas it is 4.0°C in the MRI-CGCM3 experiment.
Introduction
Accuracy of reproducing the observed climate is required of climate models used for future predictions. The performance of climate models has been improved by elaborating and refining their dynamic and thermodynamic processes. Some recent model studies (e.g., Eyring et al. 2006 Eyring et al. , 2007 Gauss et al. 2006; Son et al. 2008; Cox et al. 2000; Friedlingstein et al. 2006) pointed out the importance of chemical or biogeochemical processes to investigate the effect of the interaction with physical fields through the atmospheric constituents (e.g., carbon dioxide (CO 2 ), ozone, etc.). However, these studies were performed by the model including either chemical or biogeochemical process, but not both. Then, earth system models (ESMs), that incorporate both chemical and biogeochemical processes in addition to the dynamic and thermodynamic processes, have been developed by various modeling groups (e.g., Watanabe et al. 2011; Collins et al. 2011 ).
An earth system model, called MRI-ESM1, has been developed at the Meteorological Research Institute (MRI) as an extension of the atmosphere-ocean coupled general circulation model (CGCM) known as MRI-CGCM3 (Yukimoto et al. 2012) . MRI-ESM1 and MRI-CGCM3 are entirely the same except that MRI-ESM1 includes a chemistry model and carbon cycle modules. In this paper, we describe the basic performance of MRI-ESM1, including a comparison of its performance with that of MRI-CGCM3, based on the results of experiments conducted in accordance with the regulation of the fifth phase of Coupled Model Intercomparison Project (CMIP5; Taylor et al. 2012) .
We describe the model's configuration in Section 2 of this paper, and the experimental design and the spin-up procedure in Section 3. In Section 4, we examine climate drifts of the model in the control experiment under pre-industrial conditions, the reproducibility of historical climate changes and present-day climatology by historical experiments, and the results of future projections. We summarize and discuss our results in Section 5.
Model Description
The MRI ESM version 1, MRI-ESM1, is an extended version of MRI-CGCM3. Along with the component models of MRI-CGCM3, MRI-ESM1 includes an ozone chemistry model, MRI Chemistry-Climate Model version 2 (MRI-CCM2), and carbon cycle modules for land and ocean. MRI-CGCM3, which is the latest atmosphere−ocean CGCM of MRI, consists of three component models: the atmospheric GCM (AGCM), called MRI-AGCM3, which includes a land module; the aerosol model, Model of Aerosol Species in the Global Atmosphere version 2 (MASINGAR mk-2); and the ocean GCM (OGCM), which includes a sea ice module, MRI Community Ocean Model version 3 (MRI.COM3). The detailed information of each constituent part of MRI-ESM1 is described in an MRI technical report (Yukimoto et al. 2011) .
MRI-AGCM3 is interactively coupled with MASINGAR mk-2 to represent the direct and indirect effects of aerosols with a new cloud microphysics scheme. Each component model uses a simple coupler (Scup; Yoshimura and Yukimoto 2008) to exchange data with the other component models. See Yukimoto et al. (2012) for a detailed description of MRI-CGCM3.
In MRI-ESM1, MRI-CCM2 also uses Scup to couple with MRI-AGCM3 and MASINGAR mk-2. By contrast the carbon cycle modules for land and ocean are included within MRI-AGCM3 and MRI.COM3, respectively. Because chemistry models generally have a high computational cost, we set the horizontal resolution of the chemistry model lower than that of the AGCM, to allow the ESM to be based on an AGCM with a relatively high horizontal resolution.
Here, the resolution and topography of MRI-ESM1 are the same as those of MRI-CGCM3 (Yukimoto et al. 2012) . MRI-AGCM3 has a horizontal resolution of TL159 (~120 km) with 48 vertical layers in the vertical eta coordinate system. As the top of the atmosphere is 0.01 hPa, the stratosphere is fully covered. MRI.COM3 uses a tri-pole grid. In the region south of 64°N, the geographical latitude−longitude coordinates are used, and north of 64°N, a generalized orthogonal grid with poles in Siberia and Canada is used. The horizontal grid spacing is 1° in the zonal direction and 0.5° in the meridional direction. There are 50 vertical levels with an additional bottom boundary layer (Nakano and Suginohara 2002) . The details of MASINGAR mk-2 and of the additional components (i.e., MRI-CCM2 and the carbon cycle modules) are described in the following subsections.
Aerosol Model (MASINGAR mk-2)
Atmospheric aerosols are calculated with a global aerosol model called MASINGAR mk-2, which is an improved version of MASINGAR (Tanaka et al. 2003) . The model treats five aerosol species: non-sea-salt sulfate, black and organic carbon, sea-salt, and mineral dust. The horizontal resolution of the model is set to TL95 (~180 km) here, which is different from the resolution of MRI-AGCM3 (TL159, ~120 km). The vertical levels are set the same as those in the AGCM. In MRI-ESM1, MASINGAR mk-2 is also coupled with an ozone chemistry model. Therefore, MRI-ESM1 is able to simulate chemical−aerosol interactions. The chemical substances exchanged between the models are described in the next subsection.
Atmospheric (Ozone) chemistry model (MRI-CCM2)
The chemistry model, MRI-CCM2 (Deushi and Shibata, 2011) , treats atmospheric chemistry processes from the surface to the stratosphere to simulate the global spatio-temporal distribution of ozone and other trace gases. The chemistry 3 module includes 90 trace gases with 172 gas-phase reactions, 59 photolysis reactions, and 16 heterogeneous reactions; it also includes grid-scale transport with sub-grid-scale convective transport and turbulent diffusion, dry and wet deposition, and emissions of trace gases from various sources.
In MRI-ESM1, MRI-CCM2 is coupled with MRI-AG-CM3 via Scup to consider model interactions between physical and chemical processes. MRI-CCM2 receives meteorological and radiation fields as well as surface conditions from MRI-AGCM3, but it returns to the AGCM only the global distributions of the ozone concentration in the CMIP5 experiments conducted for this study, although other trace gases are calculated by MRI-CCM2.
MRI-CCM2 is also coupled with MASINGAR mk-2, and this coupling enables the ESM to simulate chemical− aerosol interactions. In the present CMIP5 experiments, MRI-CCM2 sends concentrations of ozone, atomic oxygen (O), hydroxyl radical (OH), hydrogen peroxide (H 2 O 2 ), hydroperoxyl radical (HO 2 ), and nitrate (NO 3 ) to the aerosol model, and from the aerosol model, MRI-CCM2 receives the surface area density of aerosols for calculating heterogeneous reactions on the surfaces of the aerosols. The coupling interval of the chemistry module with the AGCM and the aerosol model is set to 1 hour.
The horizontal coordinate system of the chemistry module is a Gaussian grid with a resolution of T42 (~280 km). Vertically, the eta pressure coordinate system is the same as that in the AGCM, and with the same resolution. There are 48 vertical layers, and the top of the atmosphere is at 0.01 hPa (about 80 km), so the stratosphere is fully covered.
Concentrations of nitrous oxide (N 2 O), methane (CH 4 ), chlorofluorocarbons, and halons at the surface are prescribed in the chemistry module. Emissions of nitrogen oxides (NO x ), carbon monoxide (CO), and the other volatile organic compounds from various sources are also prescribed. We use the biogenic and oceanic emissions from Horowitz et al. (2003) and references therein. Nitric oxide (NO) emission associated with lightning is parameterized in the chemistry module following Rind (1992, 1994) and is diagnosed at 6-hour intervals by using the meteorological fields from the AGCM. See Deushi and Shibata (2011) for more details. The spectrally resolved solar irradiance is used to calculate the photolysis rate used in the calculations of photochemical reactions.
Land Carbon Cycle
The land carbon cycle module (Obata and Shibata 2012) is divided into two levels: leaf and ecosystem levels. At the leaf level, the module represents biochemical photosynthesis processes dependent on the activity of CO 2 -fixing enzymes and stomatal conductance, which in turn depend on the meteorological factors such as light, CO 2 concentration, temperature, humidity, and soil moisture. The CO 2 fertilization effect of C3 photosynthesis plants is a hyperbolic function of the CO 2 concentration. In the case of C4 photosynthesis plants, the CO 2 fertilization is saturated. The leaf-level photosynthesis module is calculated at 30-minute time intervals in conjunction with the land-surface module. The land-surface module is an improved version of the simple biosphere model of Sato et al. (1989) and calculates the exchange of heat, water, and momentum between the land and atmosphere.
At the ecosystem level, the land carbon cycle module represents the global vegetation system dynamically. The ecosystem is subdivided into several components [leaves, woody parts, and roots of plant functional types (PFTs), litter, and humus] and is driven by net primary production (NPP, i.e., CO 2 absorption from the atmosphere, calculated as photosynthesis from the leaf-level module minus plant respiration) partitioned among vegetation components, carbon flow between components, and soil respiration (CO 2 emission to the atmosphere) in each terrestrial grid of the AGCM. The calculation is carried out at 1-day time intervals using the daily mean outputs from the leaf-level and land-surface modules because the response time of the ecosystem, as the sum of the vegetation and soil parts, is much longer than that of the leaf-level biochemistry. The vegetation consists of 10 PFTs: eight woody (two tropical, three temperate, three boreal) and two herbaceous (tropical, temperate) types. The distributions of PFTs across the earth's surface are allowed to change as environmental conditions change; population densities of PFTs are updated annually by using establishment and mortality data. Here, the changes in the distributions of PFTs are not reflected in the land-surface module of MRI-AGCM3.
Oceanic Carbon Cycle
Oceanic carbon cycles are calculated by the oceanic biogeochemical module implemented in MRI.COM3. The oceanic biogeochemical module has two components: an inorganic carbon cycle component and an ecosystem component. In the inorganic carbon cycle component, the partial pressure of CO 2 at the sea surface (pCO 2 ) is diagnosed from the values of dissolved inorganic carbon (DIC), Alkalinity (Alk), temperature, salinity, dissolved inorganic nitrate, and dissolved inorganic phosphate in the first layer. The carbon chemistry formulations follow the protocols of the Ocean Carbon-Cycle Model Intercomparison Project (OCMIP; Orr et al. 1999) . The pCO 2 values are passed to MRI-AGCM3, and the air−sea CO 2 flux is estimated by the AGCM. The estimated air−sea CO 2 flux is then passed to MRI.COM3, where it changes the DIC concentration in the first layer. The ecosystem component handles various biological activities, which give source-minus-sink (SMS) terms for the nutrients, DIC, Alk, and dissolved oxygen. The formulations are based on those of Schmittner et al. (2008 Schmittner et al. ( , 2009 ). The ocean ecosystem module is a so-called NPZD (nutrients-phytoplanktonzooplankton-detritus) model based on Oschlies (2001) . The prognostic variables in the ecosystem module are phytoplankton, zooplankton, detritus, dissolved inorganic nitrate, dissolved inorganic phosphate, and dissolved oxygen. The phytoplankton growth rate is set to the minimum of the lightlimited and nutrient-limited growth rates. For the nutrient limitation, we adopt Optimal Uptake kinetics, which assumes a physiological trade-off between the efficiency of nutrient encounters at the cell surface and the maximum assimilation rate ).
The tracers in the oceanic biogeochemical module follow advective diffusive equations in the physical part of MRI.COM3 plus SMS terms calculated in the oceanic biogeochemical module. Except for the implementation of the biogeochemical module, the configuration is the same as in the physical part of MRI.COM3 used in MRI-CGCM3. Nakano et al. (2011) has evaluated the basic performance of this oceanic biogeochemical module with reanalysis atmospheric forcing.
Basic Experiments and Spin-up
We first describe the design of the basic experiments that we have performed pre-industrial control, historical, and future scenario experiments. Second, we describe how the initial state of the climate system in the model is obtained (i.e., the spin-up procedure) for the control experiment with MRI-ESM1 under the pre-industrial conditions defined by the CMIP5 protocol.
Experimental Design
All of the experiments described here conform to the experimental design recommended by CMIP5. There are two types of CMIP5 experiments. C-driven experiments are driven by concentrations of the greenhouse gases (GHGs) and other forcing agents, and E-driven experiments are driven by emissions. Both types use exactly the same boundary conditions (e.g., solar forcing data, land-use types) except for certain concentrations and emissions. At MRI, MRI-ESM1 is used for E-driven experiments, and MRI-CGCM3 is used for C-driven experiments. Here, we mainly use MRI-ESM1 to conduct E-driven experiments. For details of C-driven experiments conducted with MRI-CGCM3, see Yukimoto et al. (2012) . All of the experiments have been performed without any flux adjustments.
-Pre-industrial Control Experiments
The E-driven pre-industrial control experiment is named 'esmControl'. It serves as the base-line for all other E-driven experiments in CMIP5. According to the CMIP5 protocol, the values of all external forcing agents are those for the year 1850 in the historical experiment (see below The initial condition of the 'esmControl' experiment is the spun-up state described in the next subsection, and the simulation period is 250 years.
The C-driven pre-industrial control experiment is called 'piControl', which has been conducted with MRI-CGCM3 here. The experimental settings of 'piControl' are the same as those of 'esmControl' except for ozone, CO 2 , and the initial conditions. In 'piControl', concentrations of ozone and CO 2 as well as those of the other GHGs are also fixed (e.g., the 1850 concentrations of CO 2 in the RCP database is 284.725 ppmv). In this paper, we present the results of a 500-year 'piControl' simulation.
-Historical Experiments
The E-driven historical experiment is named 'esmHistorical' in CMIP5. The historical experiment is designed to evaluate the extent to which the model can realistically simulate the present-day climatology and recent past climate changes, including atmospheric chemistry and the carbon cycle. Also, it provides initial conditions for future scenario CMIP5 experiments. The period of the experiment is 156 years, from 1850 to 2005.
Except for CO 2 and ozone, historical records of concentrations of GHGs and anthropogenic aerosols or their precursors in the RCP database are used in 'esmHistorical'. Emission fluxes of sea-salt, mineral dust, and oceanic dimethylsulfide (DMS) are calculated by the aerosol model. Emissions of terrestrial biogenic DMS are adopted from inventories compiled by Spiro et al. (1992) . Historical sulfur dioxide (SO2) emissions from sporadically erupting volcanoes are compiled from the inventory of Global Emissions Inventory Activity (GEIA) database (Andres and Kasgnoc, 1998) , total ozone mapping spectrometer (TOMS) satellite measurements (Bluth et al. 1997) , and ground-based observations of aerosol characteristics from pre-satellite-era spectral extinction measurements (Stothers 1996 (Stothers , 2001 . SO 2 emissions from non-eruptive volcanoes are invariant throughout the control and historical experiments.
The historical solar forcing data are taken from a database reconstructed for 1850−2005 based on Lean et al. (1995 Lean et al. ( , 2005 . Wavelength-dependent changes in solar irradiance are accounted for in this database.
Land-use changes are evaluated by using the land-usetype (LUT) datasets ("gcrop" and "gpast") provided by the CMIP5 land-use group for 1700 through 2100. A normalized and monotonic increasing "gcrop+gpast" function is calculated for each model grid cell as an index of the vegetation-type change from forest to grass. By using the index, land-use changes are applied on the present-day (assumed as for year 1990) vegetation types used in the operational weather prediction model of the Japan Meteorological Agency. Ozone concentrations are calculated by the ozone model MRI-CCM2. Emissions and concentrations of other gases associated with ozone are given to MRI-CCM2 by the RCP database as described in the previous section. Atmospheric CO 2 concentrations are calculated by the AGCM. Fossil fuel CO 2 emissions are taken from historical statistics provided by Boden et al. (2011) . The model integration also includes land-use-associated CO 2 emissions provided by Houghton (2008) . In grids where the land-use emissions occur, vegetation carbon is decreased by the same amount of carbon as the land-use emission.
Other conditions not described above are the same as in the 'esmControl' experiment. The initial state of the 'esmHistorical' experiment is the same as that of the 'esmControl' experiment.
In the C-driven type historical experiment, named 'historical', concentrations of ozone and CO 2 are prescribed. Ozone values are from the Atmospheric Chemistry and Climate (ACC) and Stratospheric Processes And their Role in Climate (SPARC) database (available at http://www.pa.op. dlr.de/CCMVal/AC&CSPARC_O3Database_CMIP5.html), and CO 2 values, like those of other GHGs, are from historical records of concentrations in the RCP database. The 'historical' experiment has been conducted with MRI-CGCM3 as a three-member ensemble experiment.
-Future Scenario Experiments
A future scenario experiment, named 'esmrcp85', has been conducted using RCP8.5 to follow in succession the 'esmHistorical' experiment. The period of the experiment is 95 years, from 2006 to 2100.
Emissions from sporadically erupting volcanoes are not included. The last cycle of observed solar forcing data (values from 1996 to 2008; cycle 23) are used cyclically (Lean and Rind 2009 ). Other conditions are taken from RCP8.5 in the RCP database. Both fossil fuel and land-use-associated CO 2 emissions are from Riahi et al. (2011) . The initial state of the 'esmrcp85' experiment is taken from the last year of the 'esmHistorical' experiment.
We have also conducted RCP2.6 ('rcp26'), RCP4.5 ('rcp45'), RCP6.0 ('rcp60'), and RCP8.5 ('rcp85') C-driven experiments with MRI-CGCM3. In these experiments, SO 2 emissions from sporadically erupting volcanoes and the solar forcing are set to be the same values as in 'esmrcp85'. All other conditions, including concentrations, emissions, and land-uses are set according to the corresponding RCP scenario. One member of the 'historical' experiment ensemble is used as the initial state in the four RCP future experiments with MRI-CGCM3.
Spin-up Procedure
The initial states for the atmosphere, ocean, and aerosol are taken from the 'piControl' experiment with MRI-CGCM3, and for ozone and the oceanic carbon and land carbon cycles, the initial states are from off-line spin-up runs (see below for details) under pre-industrial conditions. From these initial states, integration is continued for 75 years under the pre-industrial contrition, with a small tuning of a parameter of the land carbon module, to obtain the initial state of the 'esmControl' experiment conducted with MRI-ESM1. The details of the off-line spin-up runs are described next.
-Atmospheric (Ozone) chemistry model (MRI-CCM2)
A 30-year spin-up run is conducted with pre-industrial forcing to calculate the initial distributions of trace gases for the pre-industrial experiment. The present-day climatological state, obtained from Deushi and Shibata (2011) , is used for the initial data of the spin-up run.
-Oceanic Carbon Cycle
The initial carbon and alkalinity values are based on the observational fields in the GLODAP (Glibal Ocean Data Analysis Project) data set (Key et al. 2004) . The biogeochemical fields are integrated offline for 550 years by using the monthly averaged fields of the near-equilibrium state of the physical part of the OGCM, which is calculated with forcing by the CORE ver. II reanalysis data set (Large ad Yeager 2009). Tsujino et al. (2011) describe the experimental procedure and the performance of the physical model in detail. The pre-industrial atmospheric CO 2 concentration is set to 278 ppm, the value for the year 1765 in the OCMIP protocol, which is adopted by Nakano et al. (2011) to create the tracer fields in 1765. The physical fields of the OCGM are replaced by those calculated by the MRI-CGCM3 to alleviate the initial shock upon coupling. Then, the model is integrated for 395 years using a CO 2 condition of 284.725 ppm, which is the value for year 1850 recommended by CMIP5. The globally integrated CO 2 discharge drift is 0.125 GtC/yr during the last 50 years of the integration. Although this drift has not been small as yet because of the computational cost limitation, it reduces to one-third this value after the coupling with the AGCM (described in section 4.1).
-Land Carbon Cycle
The land carbon cycle model is integrated from an initial state of no biomass for more than 5000 years, forcied by a of CO 2 concentration of 284.725 ppm and by physical fields (e.g., temperature, precipitation, solar radiation) obtained from a MRI-CGCM3 run under a pre-industrial condition. The carbon amounts of land vegetation and soil ultimately reach 502 and 1403 GtC, respectively, and the mean land NPP is 67 GtC/yr during the last 50 years. These amounts are consistent with previous estimates (e.g., Prentice et al. 2001) .
Results

Pre-industrial Control Experiments
It is very important to minimize climate drift in the control experiment. Therefore, the climate drift during the control run of the model must be carefully checked to confirm that the spin-up is adequate.
To check for drift, we examine the time series of glob-ally averaged annual mean surface (2-m screen level) air temperature (SAT) in the 'esmControl' experiment ( Fig. 1) .
The 250-year average temperature is 13.87°C, and its linear trend is +0.033°C/100yr. As this trend is much smaller than the observed trend (about 0.7°C/100yr), there is apparently almost no climate drift. Therefore, we concluded that the 'esmControl' experiment results are sufficiently stable to use as the control run for the historical and future experiments. Moreover, in the 'piControl' experiment, the SAT also seems to show no climate drift during the first 250 years of the run (Fig. 1) , and the linear trend of +0.016°C/100yr during 500 years is also sufficiently small. In this experiment, the 500-year average SAT is 13.63°C, which is 0.24°C lower than that in the 'esmControl' experiment.
Comparison of globally averaged fluxes at the top of the atmosphere (TOA) and at the surface (SFC), including radiation fluxes, cloud radiative forcings (CRFs), turbulence fluxes, and precipitation between 'esmControl' (250-year mean) and 'piControl' (500-year mean) (Table 1) show that the simulated fluxes are generally very similar. Most differences are less than 1% of the flux values, despite the difference in SAT of 0.24°C. This SAT difference corresponds to the differences in the SFC radiative and heat fluxes, Table 1 Globally averaged radiation and cloud radiative forcing (CRF) at the top of the atmosphere (TOA), radiative and heat fluxes at the surface (SFC), surface air temperature (SAT), precipitation, and CO 2 concentration and fluxes from observations, the MRI-ESM1 experiments ('esmControl', 'esmHistorical', and 'esmrcp85'), and the MRI-CGCM3 experiments ('piControl', ensemble mean of 'historical', and 'rcp85'). Units for radiation (heat) and CO 2 fluxes are W m −2 and GtC/yr, .respectively. Observation data are from (a) ISCCP FD (Zhang et al. 2004 ) and (b) CERES adjusted (Loeb et al. 2009 ) for CRF, Trenberth et al. (2009) for other energy fluxes, HADCRUT3v (Brohan et al. 2006) for SAT, and CMAP (Xie and Arkin 1997) in the atmosphere. The energy imbalance and the failure for energy to be conserved probably do not critically affect the evaluation of climate change, because the drift of the ocean temperature due to the net energy input into the ocean should be negligibly small and because the value (about 0.5 W m −2 ) of the unknown energy source is approximately constant throughout the periods of the experiments. Yukimoto et al. (2012) present a more detailed explanation of the energy imbalance and the lack of energy conservation in the MRI-CGCM3 'piControl' experiment.
The globally averaged annual mean surface (2-m screen level) CO 2 concentration, averaged over 250 years, simulated in the 'esmControl' experiment is 287.75 ppm (Fig. 2) , which is very close to the observed value used in 'piControl'. The linear trend of −0.18 ppm/100yr, like that in SAT, is adequately small for a long-term experiment (at least in the 250 years). The time series of the annual mean net CO 2 fluxes (positive upward) at the land and ocean surfaces simulated in the 'esmControl' experiment are shown in Fig. 3a . These fluxes averaged over 250 years are 0.004 GtC/yr and 0.039 GtC/yr, respectively, and both values are very small compared with the observed come-and-go (not net) fluxes of about 120 and 70 GtC/yr, respectively (Denman et al. 2007 ). Total carbon is mostly conserved in both the land and oceanic carbon cycle modules, but a carbon sink of about 2 ppm/100 yr (4 GtC/100 yr) is unaccounted-for in the atmosphere. This unaccounted-for sink is sufficiently small for the historical simulation and future projections because the concentration trends in those experiments are a few hundreds of parts per million every 100 years. The interannual variability of the CO 2 flux at the land surface is 0.81 GtC/yr which is six times the value of 0.135 GtC/yr at the ocean surface. Hence, the interannual variability of the atmospheric CO 2 concentration, about 0.79 ppm, is mostly due to the variability of terrestrial ecosystem activity.
The globally averaged annual mean total column ozone and ozone concentration in the lower troposphere (900 hPa altitude) simulated in the 'esmControl' experiment by MRI-ESM1 (Fig. 4 ) also apparently show insignificant climate drift, and they are also sufficiently climatically stable to serve as reference values for the historical experiment. The annual mean total column ozone in the 'esmControl' run is approximately 306 Dobson Units (DU), which is around 4 DU higher than the 1850 ozone value from the ACC/SPARC database used in the 'piControl' run (Fig. 4a) . The globally averaged ozone concentration in the lower troposphere (900 hPa altitude) of about 22.5 ppbv is 3.1 ppbv higher than the ACC/ SPARC ozone concentration (Fig. 4b) . The ozone concentrations in the middle troposphere (500 hPa altitude), averaged globally, and in the upper troposphere (200 hPa altitude), averaged over the tropical region (25°S−25°N), are respectively 1.6 ppbv and 15.0 ppbv higher than the ACC/SPARC ozone concentrations, therefore, the troposphere ozone concentration simulated by MRI-ESM1 is higher than that used in the 'piControl' run in almost all layers (not shown). Accordingly, the SAT difference of 0.24°C between the 'esmControl' and 'piControl' runs may be in part attributable to a greenhouse effect of the dense tropospheric ozone. 
Historical Experiments
Climate models for future projections should be able to reproduce observed past climate changes and the present climatology. Results from historical experiments are appropriate for validating the model performance.
a. Historical Climate Change
For validating the reproducibility of the observed climates changes (including changes in the concentrations of CO 2 and ozone) in the past, it is most important to demonstrate the reproducibility of instrumental observations, which are available from the mid 19th century.
In contrast to the 'esmControl' experiment, the global annual mean SAT simulated in the 'esmHistorical' run increases moderately from the 1920s to 1940s, decreases slightly around the 1960s, and then increases rapidly from the 1970s (Fig. 1) . Occasional abrupt dips are explained by volcanic eruptions and subsequent recoveries. These variations agree well with observations (HadCRUT3v data set, Brohan et al. 2006) , though the simulated increase at the end of the 20th century is smaller than the observed increase, and the amplitude of the dips due to volcanic eruptions is larger. The simulated SAT variations in both the 'esmHistorical' and 'historical' experiments are quite similar, except for temperatures in the mid 19th century and the warming at the end of the 20th century. The 2001−2005 average temperature is 14.2°C, and the increase relative to the 1851−1899 average is 0.38°C. This increase is half the increase in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC-AR4; IPCC 2007) (0.76 ± 0.19°C), and also 0.21°C (about 36%) smaller than the three-member ensemble mean in the 'historical' experiment. This small warming may result partly from the small increase in the atmospheric CO 2 concentration, as described in the next paragraph.
The atmospheric CO 2 concentration variations simulated in 'esmHistorical' show a gradual rise from the 1900s and a rapid rise from the 1960s, in contrast to the 'esmControl' run results (Fig. 2) . The simulated CO 2 concentration for 2005 is 358 ppm, and the CO 2 concentration rises by about 70 ppm from 1850 to 2005. The CO 2 increase is well simulated, though the amount of the increase is 24 ppm (26%) less than the observed increase of about 94 ppm, from 285 ppm in 1850 to 379 ppm in 2005. The concentrations of GHGs other than CO 2 (e.g., CH 4 and N 2 O) are the same in the 'esmHistorical' and 'historical' experiments; hence, the low CO 2 concentration can explain only three-quarters of the insufficient warming in the 'esmHistorical' experiment. Other possible explanation is proposed in section 5.
In the 'esmHistorical' experiment, the simulated CO 2 flux over the land surface is almost zero before 1960, and then gradually decreases, but after the 1970s, land CO 2 uptake increases rapidly (Fig. 3b) . The simulated ocean CO 2 uptake increases gradually from the 1900s and rapidly from the 1960s. These variations apparently correspond to the variations in the atmospheric CO 2 concentration. The simulated land and ocean CO 2 uptakes averaged over 1979−2005 are 2.2 GtC/yr and 1.5 GtC/yr, respectively (Table 1) . These uptakes at the land and ocean surface are overestimated and slightly underestimated when compared to the corresponding observations of 0.7 ± 0.7 GtC/yr and 2.0 ± 0.6 GtC/yr, respectively (Denman et al. 2007 ). These observations are averages for the 1980s, the 1990s, and the early 2000s. Therefore, the lower atmospheric CO 2 concentration is caused by the land surface CO 2 flux rather than the flux over the ocean. The net surface CO 2 flux at the land surface at the end of the 20th century is in excess of the observed absorption by about 1 GtC/yr, and the slight underestimation of the absorption over the ocean is attributable to the low concentration of atmospheric CO 2 .
The lower CO 2 concentration due to the insufficient flux from the land surface can probably be explained in part by the underestimated historical warming in MRI-ESM1 and its positive feedback. To begin with, MRI-ESM1 slightly underestimates the historical warming compared with MRI-CG-CM3, whose climate sensitivity of 2.11 K (Yukimoto et al. 2012 ) is barely within the lower end of the IPCC-AR4 range 
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(2.1 K to 4.4 K). Second, this low temperature causes plant and soil respiration activities to be too low, and consequently net primary production and net ecosystem production are increased. Accordingly, the overestimated land surface CO 2 uptake, by causing plant and soil respiration to be underestimated, causes the atmospheric CO 2 concentration to be low and the greenhouse effect to be weak. The global annual mean total column ozone increases by 7−8 DU from 1850 to 1960 in the 'esmHistorical' run (Fig.  4a) . The historical ozone increase of 5−6 DU over the same period in the ACC/SPARC database is thus slightly smaller than the 'esmHistorical' run increase. The rapid decrease of 13−15 DU in the 'esmHistorical' run from 1960 to 2000 is primarily due to increased emissions of man-made ozonedepleting substances (ODSs) in the latter half of the 20th century (e.g., WMO, 2011) . Compared to the ACC/SPARC ozone values, the decrease in the 'esmHistorical' run is smaller by around 4 DU; this smaller decrease is attributed to less chemical ozone destruction in the southern and northern extratropical lower stratosphere (Fig. 5) .
The global annual mean ozone concentration in the lower troposphere of the 'esmHistorical' run increases secularly from 1850 to 2005 (Fig. 4b) . The rate of increase is especially high during the period 1960−1980 (approximately +2.2 ppbv per decade), primarily because of a rapid increase in anthropogenic emissions of ozone precursors such as CO, NOx, and volatile organic compounds. The increase slows down slow down after 1980: during 1980−2005 the rate of increase is approximately +0.02 ppbv per decade. In general, the rate of increase in the 'esmHistorical' run is very similar to that of the ACC/SPARC ozone from 1850 to 2005, although the global concentration in the 'esmHistorical' run in 1850 is 3.1 ppbv higher than the global ACC/SPARC ozone concentration. These results suggest that the greenhouse effect of tropospheric ozone contributes little to the historical SAT warming difference of 0.21°C between the 'esmHistorical' and 'historical' runs described above.
In the 'esmHistorical' run ( Fig. 5a ), the increases in ozone abundance occur entirely in the troposphere from the pre-industrial (1850−1864) to the present (1990−2005) period. The increase in the troposphere is generally larger in the Northern Hemisphere (NH) than in the Southern Hemisphere (SH), with the maximum increase (around +2.0 mPa) occurring near the surface in the northern mid-latitudes. The ozone increase is larger in the NH because that is where the main anthropogenic emission sources (Gauss et al. 2006) are. In the lower stratosphere, however, ozone is decreased over most of the latitude range, particularly over the Antarctic and the Arctic, where it reaches −5 and −3 mPa, respectively, at around 100 hPa. In both the troposphere and the stratosphere, the spatial pattern of the ozone change from the pre-industrial to the present period is similar between the 'esmHistorical' run ( Fig. 5a ) and the ACC/SPARC ozone distribution (Fig.  5b) . However, ozone chemical destruction in the lower stratosphere and the upper troposphere over the southern and northern extratropics is smaller in the 'esmHistorical' run than in the ACC/SPARC ozone data. The maximum ozone decrease over the Antarctic is approximately −7 mPa at around 100 hPa in the ACC/SPARC ozone distribution.
b. Present-day Climatology
For validation of the reproducibility of the observed present-day climate state, the most recent few decades, for which instrumental observations, especially satellite observations, are available, are most suitable for comparing the simulated fields with observations. We validate the simulated climate states of the last 27 years of the 'esmHistorical' experiment (1979−2005) by using observations from the same period, and we also compare the results with those of the 'historical' experiments conducted with MRI-CGCM3.
Comparison of global mean values related to the energy relative to MRI-CGCM3. The cooling is consistent with the lower warming found in MRI-ESM1 than in MRI-CGCM3. The differences between 'esmHistorical' and 'historical' are close to those between 'esmControl' and 'piControl' except for net energy budgets at TOA and SFC.
We also compare the zonally-averaged annual mean SW and LW upward radiation at TOA and seasonal mean precipitation for June through August (JJA) and for December through February (DJF) simulated in 'esmHistorical' for the period from 1979 to 2005 with the observations and the results from the MRI-CGCM3 runs (Fig. 6) . The simulated radiation values, especially LW radiation, are in overall good agreement with ERBE (Earth Radiation Budget Experiment) observations (Barkstrom et al. 1989) . The reflected solar radiation at TOA (Fig. 6a) , respectively, in those regions. The OLR biases (Fig. 6b) are about ±15 W m −2 and have the opposite sign to the SW biases; that is, OLR is underestimate near 10°S and overestimate near 60°S. The results suggest that the simulated convection is too active near 10°S. Moreover, it is possible that the total cloud amount is underestimated near 60°S. Clouds in the Antarctic Ocean region is not yet well understood, so validation of the accuracy of the cloud modeling is not possible. In the mid and high latitudes of the NH, OLR is overestimated although there are cold biases at the surface (not shown), and SW is underestimated. It is possible that the cloud cover is also underestimated over the land, as in MRI-CGCM3 (Yukimoto ) among the three members of the 'historical' run by MRI-CGCM3 at the all latitudes.
The simulated precipitations also agree well overall with CMAP observation (Xie and Arkin, 1997) , especially for JJA. In the northern intertropical convergence zone (ITCZ) at around 10°N, MRI-ESM1 simulates about 8.5 mm day −1 of precipitation in JJA (Fig. 6c) , reproducing well the observed value. Simulated precipitation is overestimated in both JJA and DJF in the mid and high latitudes except in polar regions. The errors are less than 0.5 mm day −1 in the NH, and about 1 mm day −1 around 50°S. An excess of precipitation of about 4 mm day −1 in JJA and 9 mm day −1 in DJF is simulated in the tropical SH (near 10°S). The bias at around 10°S of more than 3 mm day −1 in the boreal winter (Fig. 6d) is due mainly to unrealistically large convection activity, which results in the radiative biases described above and the so-called double ITCZ. As with the simulated radiation values, the differences between MRI-ESM1 and MRI-CGCM3 are also negligible. The ability of MIR-ESM1 to reproduce the climatology is generally comparable to that of MRI-CGCM3. The simulated spatial distributions of radiations, precipitation, and SAT are similar between MIR-ESM1 and MRI-CGCM3, and in nearly all regions, the differences between the models are not significant (not shown). Yukimoto et al. (2012) discusses further the reproducibility of spatial distributions.
We compare the annually averaged zonal mean tropospheric ozone during the 1990s simulated in the 'esmHistorical' run with the observed ozone climatology (Logan 1999) (Fig. 7 , but because ozone measurements are available from only a few sites in the southern high latitudes, the observed distribution is extrapolated over this region. Tropospheric ozone simulated in 'esmHistorical' quantitatively captures observed features such as the low ozone mixing ratios near the surface in the tropics extending upward in the extratropics as a result of intensive convective activity and sharp vertical gradients, approximately paralleling the tropopause. In the tropics, however, the vertical distribution of ozone mixing ratios in the 'esmHistorical' run shows negative deviations (i.e., differences from observation) of up to 10 ppbv from about 600 to 200 hPa. The simulated ozone tropical "tropopause", which we tentatively defined as the 110 ppbv contour (red line in Fig. 7) is lower than that in the observed climatology. These deviations from observations in the tropics are probably related to vertical transports by cumulus convection in the MRI-ESM1 simulation. Many ozone-poor air parcels in the tropical lower boundary layer are transported vertically up to around the 200 hPa altitude, possibly by large convective mass fluxes. However, few air parcels appear to be transported above this altitude, the suggestion being that the simulated convective cloud-top height is lower than the observed height.
We also compare the seasonal cycle of the zonal mean total column ozone from the 'esmHistorical' run during the 1990s with satellite observations and the ACC/SPARC ozone data (Fig. 8) . The observed ozone data set combines total ozone measurements (version 8 retrieval) from the TOMS and solar backscattered ultraviolet series of satellite sensors (Stolarski and Frith, 2006) . The total column ozone in the 'esmHistorical' run reproduces the observed seasonal cycle well in the northern extratropics where the maximum total column ozone occurs in late winter and early spring, although positive biases of 10−20 DU are simulated throughout the year. In the tropics, it also captures well the observed seasonal cycle, although the simulated total column ozone shows a slight positively bias of up to 10 DU. Positive biases of about 20 DU are also seen in the southern extratropics. Over the Antarctic during late winter and spring, the "ozone hole" is reproduced by MRI-ESM1, although the simulated hole is smaller than that indicated by the observed data, partly because of underestimation of ozone chemical destruction in the lower stratosphere.
The simulated latitudinal distribution of zonally-aver- (Logan, 1999) . Red lines show 110 ppbv contours.
aged monthly mean near-surface CO 2 concentration in the 'esmHistorical ' (1982−2005) and 'esmrcp85 ' (2006−2010) experiments with MRI-ESM1 (Fig. 9 ) shows higher CO 2 concentrations in the NH than in the SH because of larger anthropogenic CO 2 emissions in the NH. The seasonal amplitude is also larger in the NH than in the SH, and it is largest near latitude 65°N because of the large land masses at that latitude. The amplitudes are more than 10 ppm within 40°N− 70°N, whereas they are less than 10 ppm in the SH. These features are similar to the observations (WMO WDCGG Data Summary, No. 36; available from http://ds.data.jma.go.jp/ gmd/wdcgg/products/publication.html) although the absolute values are around 15 ppm lower than the observation (Fig. 2 ).
Future Scenario Experiments
To project future conditions, we conduct an experiment with RCP8.5 ('esmrcp85') using MRI-ESM1, and experiments with RCP2.6 ('rcp26'), RCP4.5 ('rcp45'), RCP6.0 ('rcp60'), and RCP8.5 ('rcp85') using MRI-CGCM3. The increase in global averaged annual mean SAT at the end of the 21st century relative to the pre-industrial control state is 3.4°C in 'esmrcp85' by MRI-ESM1, and 1.4°C, 2.1°C, 2.4°C, and 4.0°C in 'rcp26', 'rcp45', 'rcp60', and 'rcp85' by MRI-CGCM3, respectively (Fig. 1) . In the RCP8.5 experiments, the warming projected by MRI-ESM1 is 0.6°C (15%) smaller than that projected by MRI-CGCM3. The projected atmospheric CO 2 concentration at the end of the 21st century is about 800 ppm, which is about 510 ppm higher relative to the 'esmControl' experiment (Fig. 2) . The atmospheric CO 2 concentration prescribed in the C-driven experiment with MRI-CGCM3 ('rcp85') increases by about 645 ppm, from about 285 ppm in 1850 to 930 ppm in 2100. The projected CO 2 increase is thus smaller by 135 ppm (21%) than the prescribed one. This smaller CO 2 increase implies that in the RCP8.5 experiments the main factor causing the projection of less warming by MRI-ESM1 than by MRI-CGCM3 is a lower CO 2 concentration. The projected changes in the global averages of both SAT and CO 2 are within the uncertainty of previous studies (e.g., Meehl et al. 2007; Friedlingstein et al. 2006) .
The global mean total column ozone with the RCP8.5 scenario increases by about 25 DU from 2000 to 2100 in both the ESM experiment and ACC/SPARC ozone data (Fig.  4a) . The projected total column ozone increase is attributable to the tropospheric ozone increase (Fig. 4b) , reduced ozone depletion in the lower stratosphere due to decreases of ODSs (e.g., WMO 2011), and increases in middle and upper stratospheric ozone (e.g., Eyring et al. 2007) . The ozone increases in the middle and upper stratosphere are primarily due to strong cooling of the middle and upper stratosphere by increasing levels of GHGs (e.g., Rosenfield et al. 2002; Chipperfield and Feng 2003) . In 'esmrcp85', annual mean total column ozone returns to its 1960 value around 2040, which is about 10 years earlier than the date in case of the ACC/SPARC RCP8.5 ozone data.
With the RCP8.5 scenario, both the ESM (green line) and ACC/SPARC (red line) annual mean global ozone concentrations in the lower troposphere increase gradually by 2−3 ppbv from 2006 through 2100 (Fig. 4b) . In contrast, the 
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ACC/SPARC ozone based on the other RCP scenarios (i.e., RCP2.6, RCP4.5, and RCP6.0) shows a negative trend from 2006 to 2100. The CHASER CCM ) also projects a positive trend with the RCP8.5 scenario and negative trends with the other RCP scenarios. Figure 10 shows the spatial distributions of changes in SAT projected by MRI-ESM1 and MRI-CGCM3 in each RCP experiment relative to the present-day climate simulations. The spatial patterns of warming are resemble among all the experiments. The warming is larger in the NH than in the SH and larger over the lands than over the oceans. In the Arctic region, large warming is passively amplified by icealdebo feedback in connection with reductions in ice and snow. Comparison of SAT values among periods in each experiment shows that the temperature increases correspond to the CO 2 concentration increases over time. Comparison of SAT values among the experiments shows that the magnitude of warming is greater in experiments with higher CO 2 concentrations. The differences among the experiments are large at the end of the 21st century, but small in the near future, when the differences in CO 2 concentrations are small. These features are consistent with the finding of previous studies (e.g., Meehl et al. 2007) . At the beginning of the 21st century the RCP8.5 experiment projections show almost no difference between MRI-ESM1 and MRI-CGCM3 because the difference between them in the CO 2 concentration is small (Fig. 2) , whereas MRI-ESM1 projects less warming than MRI-CGCM3 at the end of the 21st century, when the difference in the CO 2 concentration between the models is greater.
Summary and Discussion
The Meteorological Research Institute (MRI) has developed a new earth system model (ESM), MRI-ESM1, as an extension of the atmosphere−ocean coupled general circulation model (CGCM), MRI-CGCM3. MRI-ESM1, which differs from MRI-CGCM3 in that it includes chemical and biogeochemical processes as well as dynamic and thermodynamic processes, is composed of MRI Chemistry-Climate We have conducted a set of experiments with MRI-ESM1, a pre-industrial control experiment, a historical experiment, and a future projection with the Representative Concentration Pathways 8.5 (RCP8.5), in conformity with the regulations of the fifth phase of Coupled Model Intercomparison Project (CMIP5). For the simulated physical fields such as surface air temperature (SAT), radiation, precipitation and atmospheric composition (carbon dioxide (CO 2 ) and ozone), we examine climate drift in the control experiment, the reproducibility of historical changes and present-day climatology in the historical experiment, and projected future changes.
In the control experiment, we find insignificant climate drift with respect to globally averaged annual mean SAT, atmospheric CO 2 concentration, and ozone concentration. Therefore, we use the climatology as the reference for historical and future experiments. The simulated 250-year average SAT is 13.87°C, which is 0.24°C higher than that simulated by MRI-CGCM3. It seems that this difference is partly attributable to the greenhouse effect of dense tropospheric ozone in MRI-ESM1.
In the historical experiment, MRI-ESM1 reproduces well the observed historical changes in globally averaged annual mean SAT, atmospheric CO 2 concentration, and ozone concentration. However, the simulated SAT and CO 2 increases are both somewhat smaller than observations, and apparently correlated. We attribute the small increase in atmospheric CO 2 to an overestimation of CO 2 uptake at the land surface. The lower CO 2 flux from the land surface, and thus the lower CO 2 concentration, can be explained in part by the underestimation of historical warming at the surface in MRI-ESM1 and its positive feedback through soil respiration. Another possible reason for the small SAT increase may relate to an aerosol-chemistry process represented only in MRI-ESM1 (the incorporated interaction between MASING-AR mk-2 and MRI-CCM2), discussed below.
In general, MRI-ESM1 and MRI-CGCM3 simulate the present-day climate in the historical experiments very similarly except for the net energy budget at the top of atmosphere (TOA) and the surface (SFC), and both models mostly reproduce well the observed climate though with some biases. The errors in radiation, precipitation, and ozone concentration appear to be due to excess convection activity, which results in a so-called double ITCZ (intertropical convergence zone) in the southern tropical Pacific.
In the future projections, the global mean SAT increase at the end of the 21st century relative to the pre-industrial control is 3.4°C in the RCP8.5 experiment with MRI-ESM1, and 1.4°C, 2.1 °C, 2.4°C, and 4.0°C in the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 experiments with MRI-CGCM3, respectively. The atmospheric CO 2 concentration at the end of the 21st century projected by MRI-ESM1 is about 800 ppm, which is lower by 130 ppm than that prescribed in the RCP8.5 experiment with MRI-CGCM3. The projected total column ozone increase of 25 DU is attributable to a tropospheric ozone increase, reductions in ozone depletion in the lower stratosphere caused by decreases of ozone-depleting substances (ODSs), and increases in middle and upper stratospheric ozone. These projections are consistent with those of previous studies by other centers and institutes.
The warming in the late 20th century simulated with MRI-ESM1 is about 36% smaller relative to that simulated with MRI-CGCM3, whereas the warming projected using the RCP8.5 scenario at the end of the 21st century is about 15% smaller with MRI-ESM1 than with MRI-CGCM3. Most of the latter difference is explained by the difference in atmospheric CO 2 concentration. We next explore the reason for the warming difference in the late 20th century.
In the experiments with both MRI-ESM1 and MRI-CGCM3, global sulfate aerosol loadings show a rapid increase in the latter half of the 20th century and a gradual decrease throughout the 21st century (Fig. 11 ). This pattern of temporal evolution is reasonable as given the anthropogenic sulfate emissions in the RCPs. Note, however, that MRI-ESM1 simulates a substantially larger (about 11%) loading of sulfate aerosol than MRI-CGCM3 from the late 20th through the early 21st century. This difference probably derives from aerosol-chemistry processes represented only in MRI-ESM1 (i.e., the incorporated interaction between MASINGAR mk-2 and MRI-CCM2). The difference in the aerosol loading between the models is smaller in the late 21st century, consistent with the small difference in warming between the projections by the two models for that period.
Both MRI-ESM1 and MRI-CGCM3 should represent the effects of aerosols (including direct, semi-direct and indirect), cloud feedback, and climate sensitivity equally well because these model components including the cloud scheme are the same between them. The temporal variation of the globally averaged reflected shortwave (SW; i.e. solar) radiation at TOA (Fig. 12a) is correlated with the variation of the aerosols; it increases rapidly in the latter half of the 20th century, and shows a moderate decrease throughout the 21st century. SW radiation increases by approximately 2 W m −2 in the late 20th century and decreases by 2 W m −2 in the late 21st century relative to the pre-industrial level. In the late 20th century, the increase of reflected SW radiation simulated by MRI-ESM1 is 0.14 W m −2 larger than that simulated by MRI-CGCM3 (Table 1) . This difference is comparable to the difference in net radiative warming at TOA between models. The above SW radiation changes correlate well with the changes in SW cloud radiative forcing (CRF; Fig. 12b ). The negative SW CRF is enhanced in the late 20th century, by up to 2.5 W m −2 (MRI-ESM1) and 2.3 W m −2 (MRI-CGCM3)
relative to the pre-industrial values. The SW CRF becomes less negative during the 21st century in the RCP8.5 experiments of both models. At the end of the 21st century, SW CRF dose not differ distinctly between MRI-ESM1 and MRI-CGCM3. The projected temporal variations in globally averaged outgoing longwave (LW) radiation and LW CRF show opposite trends to those of reflected SW radiation and SW CRF, respectively. These results are consistent with the implied cloud changes, namely, an increase in the late 20th century and a decrease in the 21st century (Fig. 12c, d ). In addition to the expected aerosol effects on the cloud radiative change, cloud feedback on GHG forcing should be clearly shown by a large CO 2 concentration in the late 21st century. Cloud feedback in MRI-CGCM3 is negative for LW but almost neutral for SW (Yukimoto et al. 2012) . Because the behavior of clouds in MRI-ESM1 is very similar to that in MRI-CGCM3, cloud feedback is a possible explanation for the decreases of LW CRF and the differences between RCP scenarios in the late 21st century (Fig. 12d) . 
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